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ABSTRACT Investigation of foamed sulfur as an improved energy dissipator to prevent damage to military equipment in airdrop applications has shown this material to have such desired project target characteristics as:
A capacity for withstanding temr, rature extremes of -650 to +125°F in storage and during use, and being unaffected by direct contact with water.
Providing an approximately rectangular force -deformation curve to 80 percent deformation when the forces are dynamically applied at initial impact velocities ranging from 20 tc, 46 fps (46 fps was the highest impact velocity actually used), Limiting rebound energy or resilience to less than 5 percent of total energy dissipated to 80 percent deformation.
Having a material cost of less than $0, 15/1000 ft-lb of energy dissipated.
Four additional target requirements which met with qualifications were:
Being easily prepared and used in the field with a minimum of auxiliary equipment and personnel (protective clothing and ventilation provisions are required).
A collapsed to expanded volume ratio of I to 1 5.
An average crushing force of 6300 psf plus or ,ninus 10 percent.
Supporting supplies, foaming process and resultant foam shall not be hazardous to health or safety of using personnfl.
The qualifications for the second and third requirements were that while it was possible to obtain expansion ratios of I to i3, the characteristics of sulfur foam were such that desired physical properties were best achieved at expansion ratios betwccn I to 8 and I to 10. The target crushing force was attain, -with the two single 3-i-,-thick specimens from the iinal series. The 6-inch specimens prepared by using two 3-inch thick specimens had slightly hig.er crushing strengths than did the single 3-inch specimens.
Supplies must be stored in proper containers to eliminate ,r contain hazardous hydrogen sulfide gas and related obnoxioui odor generation. Phosphoric acid is to be contained and handled with precautions normal tur acids, and the foaming process conducted in a well vemtilated .atmo sphere to protect pe'rsonnel fromn generation of hydroken sulfide gas. These foams were initially developed for shock isolation apt ications. Sulfur foams consist essentially of sulfur which has been modified with viscosity and surface tension inprovers. A blowing agent is added to the molten formuiation whrch is contained in a pressure vessel. When the formulation is released fr,•n tke vessel, the blowing agent expands the molten liquid into a froth wh,.ch subsequently cools and solidifies into a rigid cellular material. The mechanical properties of this foam are primarily a function of the foam density and fo,',ulation, and can be varied substantially.
Cursory examination of the shock isolation or enc rgy absorption characteristics of sulfur foam indicated that it had an attractive potential as an airdrop cushioning. An approved energy dissipator for airdrop applications, however, must have a variety of characteristics. It was the objective of this program to determine to what degret, rigid sulfur foam could meet the desired or target characteristics as specified by the U. S. Army Natick Laboratories for an improved energy dissipator fnr airdrop use.
Laboratory experimentation in the area of foam development was followed by the scaling up of sulfur foam production procedures and the preparation of a preliminary set of samp!es These san-,ples were dynamically tested at the Balcones Research Center of the University of Texas, which is unoer a research contract to Natick Laboratories which includes evaluation of energy dissipating materials. Following thia, modifications were made in the formulation, and the first se2ries of eight specimens were prepared and submitted to the Natick LaborLtories for dynamic testing. The test data received from Natick Laboratories were ,nalyzed, alterations were made in the formulation, and a second series of cight specimens was submitted to Natick Laboratories for dynamic testing Test data received from Natick Laboratories were analyzed, alterations were again made in the formulations, and a third and iinal set of eight specimens was submitted to Natlck for dynamic testing.
.
'TIMIZING RIGID SULFUR FOAM FOR USE AS AIRDROP ENERGY DISSIPATION MATERIAL
The quantities of foam required for this program were substantially greater than the facilit as were capable of producing at one time. For this program, a steam jacketed, 100-gal capacity pressure vessel was converted to produce sulfur foam. This vessel was thermally insulated and modified for foam production. A 25-ft flexible rubber discharge line was attached to this vessel to provide mobility in plilcement of the foam.
Metal skin molds were fabricated to produce sulfur foam boards 3 in. thick by 18 in. high by 8 ft in length. Two such molds allowed for the production of sufficient foam board to supply the Natick Laboratories with eight samples, each 3 in. by 16 in. by 18 in., as well as provide several additional specimens for static testing at Southwest Research Institute. Figure  1 shows a typical batch of sulfur foam being deposited into one of the molds. The foam specimens which solidified in approximately 1 hr were removed from the molds and cut to size for testing and shipment to the sponsor. A b FIGURE 1. SULFUR FOAM BEING POURED INTO A FORM handsaw was employed to cut and shape the foam. Figure 2 shows a typical specimen after removal from the mold.
FIGURE 2. SULFUR FOAM PLANK
A considerable amount of time was devoted to lining out the equipment and preparing the preliminary series of test specimenE. Impact tests on the foam specimens that were prepared the previous day were conducted at the Balcones Research Center of the University of Texas at Austin. The rigid sulfur foam specimens provided a rectangular force deformation curve as was desired. The force deformation curves indicate an amount of ringing, and it was not possible to determine precisely whether this was occurring in the test equipment or was a property of the foam. Figure 3 is a reproduction of one of the force deformation curves for the sulfur foam specimen obtained at an impact velocity of 24 fps. The horizontal section of this curve occurred at a stress leveling of approximately 30, 100 lb/ft 2 . and the deformation before packing was approximately 75 to 80 percent. The rebound energy was less than 5 percent of the total energy dissipated. From these tests, it was indicated that further development work would be directed to lowering the compressive strength of the foam.
The first series of official specimens was prepared and fo-warded to Natick Laboratories for dynamic testing.
Static tests of constrained specimens at Southwest Research Institute indicated that the compressive strength of this foam was high. These specirmens were dynamically tested at Natick Laboratories, and the results of these 70- Figure 4 (a) shows a typical force-deformation curve for one of the specimens of this Eeries. The dynamic and static force-deformation curves for all of the specimens tested can be found in the Appendix. From tlhcse data, it was indicated that the sulfur foam material had a dynamic crushing strength of approximately two to three times that which was desired and a peaking of the force-deformation curve at the onset of loading. Examination of specimens prepared at the same time as those forwarded to Natick for testing and retained at Southwest Research Institute indicated a small celled, dense foam structure along the outer surfaces of the foam as compared to a less dense foam cell structure in the center of the specimens. Thus, attention was focused on lowering of the strength of the foa, :tnd improving the uniformity of the foam structure, from surface to surface, A second series of rigid sulfur foam, specimens was prepared and forwarded to Natick Laboratories for testing, Static tests of constrained specimens at Southwest Research Institute indicated that the compressive strength of this foam was within the target limits. Dynamic test results were returned to the Institute. The results, as measured by Natick Laboratories, are presented in Table II A substantial lowering of the density of this series of specimens resulted in a significant lowering of the dynamic crushing stress. Unexplained was the fact that the 6 -in. thick specimens had approximately half the dynamic crushing strength of that of the 3-in. thick specimens of foam of the same density and formulation. This was believed to be due to the fact that the area under test on the 6 -in. thick specimens was drastically reduced when part of the test material was blown out at the onset of loading.
A third and final set of Apecimens was prepared and shipped to Natick Laboratories for testing. Again, static tests of constrained specimens at Southwest Research Institute indicated compressive strengths within the target limits. To overcome the edge rupturing of the specimens upon impact, the specimens were constrained by wrapping the edges with two thicknesses of masking tape. The results on this series of specimens are presented in Table III . Figure 4 (c) shows a typical force deformation curve for one of 1 6 the specimens of this series, and it is to be noted that it falls within the designated target range. The formulations employed in preparing the three series of specimens are shown in TableIV. The characteristics of rigid sulfur foam as an improved energy dissipator for airdrop applications are discussed in the sequence of the target characteristics as required.
A.
Expansion 'Ratio
While the ratio of 1 to 13 collapsed to expanded volume was achieved in terms of core densities, overall expansion ratios on the urder of I to 8 and 1 to 10 were found to have stress levels more in keeping with the target strength of the foam. Considerable time was expended in scaling up the operation to produce specimens of the size and type required for this project, and additional future effort could profitably be expended in improving the expansion ratios.
B. Environmental Resistance
Specimens of the sulfur foam were stored at temperatures of -650 and +125°F. In addition, specimens were submerged in water for 48 hr at 70°F. These specimens were then tested in compression, and the results are compared against specimens held at room temperature as foliows: The minor variations in properties found indicate that sulfur foasr. has environmental resistance sufficient for this application.
C. Forre-Deformation Characteristics
The sulfur foam provided horizontal force-defornmation curves to 70 percent deformati6n when the force was dynamically applied at initial impact velocities between 21. 8 to 46 0 fps obtained with the dynamic tester at Natick Laboratories. The Natick Laboratoriev test data did not show response beyond 70 percent, however, preliminary tests at Balcones ResearchCenter indi-'ated deft, rnati in to 80 percent and a rectangular dynamic force defo rnatior; curve.
D. Average Compressive Strength
The average crushing force of the sulfur foams had a target value of 6300 psf ±10 percent. Several of the sulfur foam specimens had strengths that fell within this range when tested statically. When identical specimens of the same foams were tested dynamically, the strengths fell outside the desired range. As was discussed earlier this was believed due to the rigid foam being blown out at the moment of impact, thus reducing the test area, This problem was greatly minimized by using constrained specimens on the third batch which were sent to Natick for testing. The single 3-in. thick specimens had strengths only 5 percent greater than the target value of 6300 psf, and the two samples had a 1 percent spread. With further additional development work, it is believed that the desirad crushing force could be obtained with lower density foams.
E. Field Preparation
The ability to prepare rigid sulfur foam in the field has already been demonstrated by the use of a self-contained portable foam generator which was completely self-sufficient with the exception o.' fuel and foam formulation. This generator is shown in Figure 5 . 
Rebound Energy
Sulfur foams are rigid brittle materials having essentially no elasticit-r, and, as such, rebound has never been encountered when testing any of the formulations prepared to date. Any .ebound associated with sulfur foams is certainly well below 5 percent.
G.
Cost of Material
The cost of the sulfur foams averages about $0.037/lb. The formulation submitted to Natick for testing in thf: third series of specimens had the cost breakdown shown on Table VI. The current materials costs of the sulfur fcams are well below the limits set at $0.15/1000 ft-lb of energy absorbed, H.
Other Characteristics
In regard to the contract requirement that the materials and supporting supplies for preparing sulfur foams do not possess explosive, mechanical, biological, or electromagnetic radiation effects: The phosphorus pentasulfide when exposed to moisture can generate slight quantities of hydropgen sulfide; however, when stored in the supplied containers, no problem is encountered. When the phosphorus pentasulfide is contacted with the phosphoric acid in the foar. formulation, hydrogen sulfide is formed. The odor dissipates rapidly upon solidification so that the only requirement is that foams be poured in a well-ventilated atmosphere.
The phosphoric acid should be handled with the same caution normally given acids. The 1, 5-cyclooctadiene is a hydrocarbon and as such should be handled accordingly.
Observations at Natick Laboratories during dynarmic testing of foam samples showed th;.t fine sulfur dust that settled on metals combined with moisture in the air and caused corrosion 
IV. CONCLUSIONS
The problems encountered in scaling up for the production of foams with the low densities which produced the desired dynamic properties were considerably more difficult and required more time than was expected. As such, not as much effort was devoted to formulation development as was desired to produce foams with higher strength-to-weight ratios. Nevertheless, the present foam formulations appear to be attractive energy dissipating materials for the following reasons:
(1)
Low density sulfur foams can he prepared and poured in large quantities with conventional equipment under field conditions.
(2) The dynamic crushing stress of these foams can be controlled principally by foam formulation and density.
The target dynamic characteristics for the ideal desired energy absorbirig material can presently be obtained with sulfur foams by having a density of 17 lb/ft 3 .
To meet the desired expansion ratio of I to 15, farther development in improving the strength-to-weight ratio of sulfur foams would be desirable.
. single 3-inch thick specimens from the final series. The 6-inch specimens prepared by using two 3-inch thick specimens had slightly higher crushing strengths than did the single 3-inch specimens. Supplies must be stored in proper containers to eliminate or contain hazardous hydrogen sulfide gas and related obnoxious odor generation. Phosphoric acid is to be contained and handled with precautions normal for acids, and the foaming process conducted in a well ventilated atmosphere to protect personnel from generation of hydrogen sulfide gas. 
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